Abstract N-(3-Oxododecanoyl)-L-homoserine lactone (C12) is produced by Pseudomonas aeruginosa to function as a quorum-sensing molecule for bacteria-bacteria communication. C12 is also known to influence many aspects of human host cell physiology, including induction of cell death.
in or adjacent to biofilms formed in the lung airways (Chambers, Visser, Schwab, & Sokol, 2005; Charlton et al., 2000) . C12 has been reported to alter many aspects of human airway epithelial cell physiology, including inhibition of pro-inflammatory cytokine secretion and activation of events commonly linked with apoptotic cell death, such as plasma membrane blebbing, cell shrinkage, nuclear condensation and fragmentation, caspase activation, and mitochondrial membrane permeabilisation (Fu, Bettega, Carroll, Buchholz, & Machen, 2007; Li, Hooi, Chhabra, Pritchard, & Shaw, 2004; Oliver, Schaefer, Greenberg, & Sufrin, 2009; Schwarzer et al., 2010; Schwarzer et al., 2012) .
Upon C12 exposure, activation of diverse signalling pathways associated with apoptosis is observed in different mammalian cells. In breast carcinoma cells, C12 partially inhibits the Akt/PKB pathway, and the JAK/STAT pathway likely mediates pro-apoptotic activities of C12 (Li et al., 2004) . Similarly, C12 suppresses Akt activation by blocking Akt phosphorylation in undifferentiated intestinal epithelial cells, and overexpression of constitutively active Akt is capable of partially reducing C12 cytotoxicity (Taguchi et al., 2014) .
Signalling from the endoplasmic reticulum (ER) has also been implicated in apoptosis caused by C12. ER stress-responsive proteins inositol-requiring enzyme 1α and X-box binding protein 1 are required for C12-induced killing of mouse embryonic fibroblasts (MEFs; Valentine, Anderson, Papa, & Haggie, 2013) . Furthermore, apoptosis-like morphological changes in the ER and mitochondria are observed in bone marrow-derived macrophages upon C12 treatment (Kravchenko et al., 2006) . Phosphorylation of p38 mitogen-activated protein kinase (MAPK) and eukaryotic translation initiation factor 2α (eIF2α) are two known biochemical markers that indicate cellular responses to C12.
Caspase activation is commonly observed in C12-exposed cells.
Caspases are classified into two major categories: "initiator" caspases and "effector" caspases (Li & Yuan, 2008) , and both of them are activated by C12. Serving as a marker for C12-triggered apoptosis, activation of the effector caspase-3 has been detected in airway epithelial cells (Schwarzer et al., 2012) , fibroblasts Valentine et al., 2013) , intestinal epithelial cells (Taguchi et al., 2014) , breast carcinoma cells (Li et al., 2004) , lymphoma cells (Jacobi et al., 2009) , lung carcinoma cells , colorectal carcinoma cells , and leucocytes (Horikawa et al., 2006; Kravchenko et al., 2006; Tateda et al., 2003) . Activation of the "initiator" caspases caspase-8 (Jacobi et al., 2009; Schwarzer et al., 2012; Tateda et al., 2003) and caspase-9 (Kravchenko et al., 2006; Schwarzer et al., 2012) has also been reported. These data have suggested that both the extrinsic pathway initiated at the plasma membrane and the intrinsic pathway initiated in mitochondria may be activated.
However, the potential interplay between extrinsic and intrinsic pathways and "initiator" versus "effector" caspases in C12-activated apoptotic signalling remains unclear. In this paper, MEFs deficient in one or more caspases were investigated to elucidate the cell death signalling induced by C12. Our data indicate that C12 selectively triggers an apoptotic signalling pathway in which C12 appears to act by permeabilising mitochondria, leading to activation of apoptosis.
2 | RESULTS
| Apoptosis is the major form of cell death caused by C12
In multicellular organisms, cell death is a highly heterogeneous process in which several distinct, in some cases partially overlapping, cell signalling cascades can be activated (Danial & Korsmeyer, 2004) . Although C12's ability to trigger events commonly linked to apoptosis has been reported (Horikawa et al., 2006; Li et al., 2004; Schwarzer et al., 2012; Valentine et al., 2013) , it is unclear whether other cell death signalling is also involved. Caspase-3 and caspase-7 are two highly related "effector" caspases, and MEFs deficient in expression of both caspases are markedly resistant to both mitochondrial and death receptor-mediated apoptosis (Lakhani et al., 2006) . To characterize C12-induced signalling leading to cell death, we first investigated whether caspase-3 and caspase-7 were essential to mediate cytotoxic effects of C12. Cytotoxicity of C12 was examined in MEFs lacking caspase-3 (caspase-3-KO), caspase-7 (caspase-7-KO), or both (caspase-3/7-DKO) as well as their wild-type (WT) counterparts ( Figure 1a ). Although C12-induced cell death was observed in WT, caspase-3-KO, and caspase-7-KO MEFs, caspase-3/7-DKO MEFs were completely resistant to C12 exposure (Figure 1b) . Moreover, less cell death was detected in caspase-3-KO or caspase-7-KO MEFs than their WT counterparts (Figure 1b) . Because the levels of C12-induced cell death in caspase-3-KO-MEFs were lower than those observed in caspase-7-KO cells, caspase-3 appeared to play a more prominent role than caspase-7. Importantly, cleavage of caspase-3 and caspase-7, one of the hallmarks of apoptosis, was detected in WT MEFs treated with C12 ( Figure 1c) . Furthermore, PARP, a known substrate of caspase-3 and caspase-7, was also cleaved in WT MEFs upon C12 exposure, but not in their caspase-3/7-DKO counterparts. The essential role of caspase-3 and caspase-7 indicates that cell death induced by C12 is largely attributed to apoptosis.
| C12-induced MOMP is independent of caspase-3 and caspase-7
Mitochondrial outer membrane permeabilisation (MOMP) has been recognised to be a "no-return" step in both intrinsic and extrinsic apoptotic pathways (Newmeyer & Ferguson-Miller, 2003; Tait & Green, 2010) . Two key events of MOMP are depolarisation of mitochondrial membrane potential (ψ mito ) and release of cytochrome c from mitochondria into the cytosol. It is generally believed that MOMP occurs upstream of activation of caspase-3/7 (Newmeyer & Ferguson-Miller, 2003; Tait & Green, 2010) . However, the involvement of caspase-3/ 7 activation in MOMP has been examined only for a limited number of apoptotic stimuli. In the study where caspase-3/7-DKO MEFs was first reported, UV irradiation evoked the apoptotic cascade by activating caspase-3/7 (Lakhani et al., 2006) . Unlike their WT counterparts, cells deficient in caspase-3/7 expression maintained their Δψ mito upon UV irradiation, providing evidence that caspase-3/7 regulated the initial phase of MOMP in certain apoptotic paradigms.
To explore C12-initiated apoptotic signalling, we studied the involvement of caspase-3/7 in both ψ mito depolarisation and cytochrome c release. Depolarisation of Δψ mito was evaluated by determining the changes in fluorescence with the voltage-dependent dye JC1 being released from mitochondria into the cytosol and nucleus.
Within minutes of C12 exposure, mitochondrial Δψ mito in WT MEFs became almost completely depolarised to a level close to the maximal depolarisation induced by the ionophore carbonyl cyanide-ptrifluoromethoxyphenylhydrazone (FCCP; Figure 2a) , consistent with studies in other cell types (Schwarzer et al., 2012; Zhao et al., 2016) . Importantly, C12 triggered similar degrees of Δψ mito depolarisation in both WT and caspase-3/7-DKO MEFs (Figure 2b ), indicating that MOMP induced by C12 occurs upstream of "effector" caspase activation.
Furthermore, immunofluorescence studies were used to evaluate C12-evoked redistribution of cytochrome c from mitochondria to the cytosol and nuclei. As shown in representative images of both WT and caspase-3/7-DKO MEFs under control conditions, cytochrome c and the mitochondrial outer membrane protein Tom20 exhibited overlapping punctate and perinuclear distribution that is typical of mitochondrial morphology (Figure 3a) . In addition, nuclei displayed characteristic oval shape with smooth boundaries that largely excluded cytochrome c and Tom20. Upon C12 treatment, distribution of cytochrome c was diffused in the cytosol and nuclei in both WT and caspase-3/7-DKO MEFs, whereas Tom20 maintained its perinuclear distribution, demonstrating that mitochondria in WT and caspase-3/ 7-DKO MEFs were permeabilised with cytochrome c released into the cytosol and diffused into the nuclei. The redistribution of cytochrome c was quantitated by calculating the punctate/diffuse index. These quantitative measurements showed that C12 caused equivalent cytochrome c release in WT and caspase-3/7-DKO MEFs (Figure 3b ), whereas Tom20 was still localized in mitochondria in the presence of C12 (Figure 3c ).
Next, the levels of cytochrome c in the cytosol of MEFs exposed to C12 were determined by a biochemical fractionation approach (Adlam et al., 2005; Childs, Phaneuf, Dirks, Phillips, & Leeuwenburgh, 2002; Wang, Olberding, White, & Li, 2011) . Whole-cell extracts and the cytosolic fractions from WT and caspase-3/7-DKO MEFs with or without exposure to C12 were acquired. The absence of Tom20 in the cytosolic fractions under all conditions indicated that the cytosolic fractions were free of mitochondria (Figure 3d ). Importantly, C12
increased the amounts of cytochrome c in the cytosolic fractions of Overall, these results provide more evidence that C12 triggers MOMP independent of caspase-3 and caspase-7 activation.
2.3 | C12-induced apoptosis is independent of caspase-8
The "initiator" caspase-8 mediates extrinsic pathway initiated at the plasma membrane, whereas the "initiator" caspase-9 is responsible for the mitochondria-dependent intrinsic pathway (Li & Yuan, 2008) .
Activation of extrinsic and intrinsic apoptosis pathways has been reported in cells treated with C12, but it is not clear to what degree each pathway contributes to cell death (Jacobi et al., 2009; Schwarzer et al., 2012; Schwarzer, Ravishankar, et al., 2014; Tateda et al., 2003) .
To systematically investigate which apoptotic pathway is involved, we first examined MEFs deficient in caspase-8 and their WT counterparts 
| C12 primarily triggers mitochondria-dependent intrinsic apoptosis pathway
Next, we investigated whether the "initiator" caspase-9 was responsible for C12-induced apoptosis. For this purpose, MEFs lacking Importantly, C12 failed to evoke any caspase-3/7 enzymatic activities in MEFs lacking caspase-9 expression ( Figure 5b ). Furthermore, cleavage of caspase-3 and caspase-7 was only observed in WT MEFs treated with C12, but not in caspase-9-KO MEFs ( Figure 5c ). Importantly, re-expressing caspase-9 in caspase-9-KO MEFs sensitised the cells to C12 (Figures 5d and S4 ).
To further examine the involvement of caspase-9 in C12-indcued apoptosis, caspase-9 expression in human pancreatic carcinoma cell line MIA PaCa-2 was stably decreased by shRNA ( Figure S5a ). MIA PaCa-2 cells with reduced caspase-9 expression were resistant to C12 treatment ( Figure S5b ). APAF1 plays a key role in intrinsic apoptotic signalling by forming oligomeric apoptosomes along with cytochrome c released into the cytosol, which leads to subsequent activation of caspase-9 (Shakeri, Kheirollahi, & Davoodi, 2017) .
Deficiency in APAF1 expression rendered MEFs completely resistant to C12 exposure (Figures 5e and S6 ). Overall, these data suggest that C12 induces apoptotic signalling largely through activating the mitochondria-dependent intrinsic apoptotic pathway. (c) was evaluated by determining the punctate/ diffuse index, defined as the standard deviation of the mean pixel intensity of cytochrome c or Tom20 staining for each cell. Summary data show the means ± standard deviations of the punctuate/diffuse index calculated from three independent experiments with more than 100 cells in each independent experiment. Asterisks indicate p < .05 (*), n.s. = no significance. Student's unpaired t test. (d) Following incubation with either DMSO or 50 μM C12 for 4 hr, wild-type (WT) or caspase-3/7-DKO (DKO) MEFs were fractionated, and the cytosolic fractions were obtained. The amounts of cytochrome c, Tom20, and actin in the whole-cell extracts (WCE) and the cytosolic fractions were determined by Western blot (typical of three independent experiments). The molecular weight markers are labelled on the left (kD). (e) The summary of normalised cytochrome c levels in the cytosolic fractions is shown in (d). The intensities of cytochrome c, Tom20, and actin were quantified using ImageJ software (NIH). As described in Section 4, the normalised values of cytochrome c levels in the cytosolic fractions were calculated as a percentage of relative cytochrome c levels in the corresponding WCE. The data are shown as means ± standard deviations of three independent experiments. Asterisks indicate p < .05 (*), Student's unpaired t test 2.5 | C12-induced MOMP is independent of caspase-9
It has been discovered that many apoptotic stimuli induce MOMP, leading to cytochrome c release, apoptosome assembly, and subsequent caspase-9 activation (Newmeyer & Ferguson-Miller, 2003; Tait & Green, 2010) . However, emerging evidence suggests that caspase-9 activation also plays a role in MOMP in some apoptosis paradigms.
For instance, it has been shown that reducing caspase-9 expression or inhibiting caspase-9 activity is able to block depolarisation of Δψ mito (Eeva et al., 2009; Guerrero, Schmitz, Chen, & Wang, 2012; Hakem et al., 1998; Samraj, Keil, Ueffing, Schulze-Osthoff, & Schmitz, 2006; Samraj, Sohn, Schulze-Osthoff, & Schmitz, 2007) . To clarify the roles of caspase-9 in MOMP mediated by C12, Δψ mito was measured in WT and caspase-9-KO MEFs. Contrary to its effects on cell viability and caspase-3/7 activation ( Figure 5 ), deficiency in caspase-9 expression did not affect the ability of C12 to induce rapid depolarisation To further validate this notion, we examined cytochrome c redistribution from mitochondria to the cytosol and nuclei upon C12 exposure using immunofluorescence staining. Although C12 evoked the release of cytochrome c from mitochondria to the cytosol and nuclei regardless of caspase-9 expression, Tom20 maintained perinuclear distribution following C12 treatment (Figure 7a-c) . Moreover, C12-induced subcellular redistribution of cytochrome c in WT and caspase-9-KO MEFs was examined using a biochemical fractionation approach.
Isolated cytosolic fractions were not contaminated with mitochondria, evident by the absence of Tom20 in those fractions (Figure 7d ). C12 induced equivalent redistribution of cytochrome c from mitochondria to the cytosol in WT and caspase-9-KO MEFs (Figure 7e) . Thus, immunofluorescence microscopy and biochemical fractionation data have demonstrated that C12 evokes cytochrome c release from mitochondria into the cytosol regardless of caspase-9 expression. Taken together, these data indicate that C12 causes acute MOMP independent of any "initiator" caspase, suggesting that the effects of C12 on MOMP might be attributed to its direct action on mitochondria. 
| C12 directly induces MOMP in vitro
Because C12 depolarised Δψ mito starting within 1 min and achieving complete effect within 10-20 min independent of both "initiator" caspases and "effector" caspases ( Figures 2, 4 , and 6), we reasoned that C12 could possess activities that directly permeabilise mitochondria. To this purpose, we examined the effects of C12 on mitochondrial outer membrane integrity in vitro. Mitochondria isolated from WT MEFs were exposed to dimethyl sulfoxide (DMSO; control) or to 30 or 300 μM C12. We assessed the amount of cytochrome c released from mitochondria using Western blot analysis (Figure 8a) . In a manner dependent on C12 concentrations, less cytochrome c was detected in mitochondrial fractions, with concomitant increase of cytochrome c in released fractions (Figure 8b) . Furthermore, C12's ability to cause cytochrome c release in vitro reached its maximal level within 20 min of incubation, consistent with the time frame of depolarisation of Δψ mito in cells ( Figure S7 ). These data indicate that C12 is able to permeabilise mitochondria directly in vitro. Overall, our data suggest that C12 evokes a mitochondrial apoptotic signalling pathway in which C12 directly permeabilises mitochondria, leading to activation of apoptosis (Figure 8c ).
| DISCUSSION
The quorum-sensing molecule C12 evokes apoptosis in a variety of mammalian cells (Fu et al., 2007; Li et al., 2004; Oliver et al., 2009; Schwarzer et al., 2010; Schwarzer et al., 2012) . Several signalling pathways leading to apoptosis have been associated with C12 cytotoxicity.
In addition to activating the intrinsic apoptosis pathway, C12 has also been shown to activate caspase-8, implicating a role of the extrinsic apoptotic cascade in C12-induced apoptosis (Jacobi et al., 2009; Schwarzer et al., 2012; Tateda et al., 2003) . One possible scenario is that C12 functions as a ligand that is recognised by receptors on the plasma membrane. However, the interplay between the intrinsic and extrinsic pathways as well as the functions of key molecules involved had not been clearly elucidated previously. In this study, we present evidence that caspase-3/7 and caspase-9 but not caspase-8 are essential for C12-induced apoptotic cell death in fibroblasts, indicating that C12 selectively triggers the mitochondria-dependent intrinsic apoptotic pathway. Therefore, the events associated with activating a plasma membrane receptor are likely secondary responses to MOMP at least in fibroblasts. However, it is possible that in other cell types intrinsic and extrinsic pathways might be equally involved or one pathway plays a more prominent role in mediating C12-induced apoptosis. The dispensable roles of both the "initiator" caspases and "effector" caspases in C12-indcued MOMP suggest that C12 may exert its pro-apoptotic effect without the involvement of signalling upstream of mitochondria.
Several signalling pathways linked to apoptosis initiation, including JAK/STAT (Li et al., 2004) , MAPK, and eIF2α pathways (Kravchenko et al., 2006) have been implicated in C12-evoked cell death. In breast carcinoma cells, C12 induces apoptosis by partially inhibiting the Akt/ PKB pathway and abolishing STAT3 activity (Li et al., 2004) . These apoptosis-associated signalling pathways are normally involved in multiple steps of signal transduction, and the biological events reflective of these signalling cascades are largely observed hours following C12 incubation. In contrast, depolarisation of ψ mito , the earliest step of MOMP (Chipuk & Green, 2008; Goldstein, Waterhouse, Juin, Evan, & Green, 2000) , is always detected within minutes following C12 exposure and reaches its maximal levels in 20 min (Figures 2, 4 , and 6; also (Holcik & Sonenberg, 2005) , which does not appear to be accountable for the quick effect of C12 on depolarisation of ψ mito . Likewise, apoptosis triggered by p38 MAPK phosphorylation is largely attributed to phosphorylation and modulation of anti-apoptotic and pro-apoptotic Bcl-2 proteins (Cai, Chang, Becker, Bonni, & Xia, 2006; Grethe, Ares, Andersson, & Porn-Ares, 2004) . Previous studies indicate that C12 evokes depolarisation of ψ mito independent of both anti-apoptotic and pro-apoptotic Bcl-2 proteins in various cellular systems Zhao et al., 2016) . Thus, it is unlikely that MAPK signalling is directly involved in C12-mediated depolarisation of ψ mito . Overall, it appears that activation of JAK/STAT, eIF2a, and MAPK signalling pathways may be secondary to MOMP initiation in C12-triggered apoptosis cascade.
ER stress-induced apoptosis is a well-described cellular process, which is associated with the compromise of ER membrane permeabil- within minutes of C12 exposure, which is implicated in C12-induced apoptosis (Horke et al., 2015; Schwarzer et al., 2012; Schwarzer et al., 2015) . Because the effects of ER stress on ψ mito occurs several hours following ER Ca 2+ pool depletion (Wang et al., 2011) , the likelihood that C12-induced ER Ca 2+ release directly causes depolarisation of ψ mito is low. Furthermore, recent research indicates that ER stressmediated apoptosis requires the pro-apoptotic Bcl-2 proteins Bak and Bax to permeabilise mitochondria (Wang et al., 2011; Wei et al., 2001; Zong et al., 2003) , which is inconsistent with the evidence that C12 triggers depolarisation of ψ mito independent of Bak and Bax in various cellular systems Zhao et al., 2016) .
Thus, it is unlikely that ER stress signalling is directly involved in C12-mediated depolarisation of ψ mito . Conceivably, C12 or its metabolite(s) acts directly on mitochondria and permeabilises them. In support of this notion, our in vitro studies demonstrate that C12 directly permeabilises mitochondria (Figure 8 ). These data suggest that C12 directly affects mitochondrial outer membrane integrity probably by physically inserting into the membrane or interacting with mitochondrial protein(s) that serves as C12 receptor(s).
As a lactone, C12 is known to be hydrolysed into a carboxylic acid in vitro by paraoxonase 2 (PON2), an enzyme with lactonase and arylesterase activities (Draganov et al., 2005) . Intracellular PON2 has been demonstrated to hydrolyse C12 and cause subsequent intracellular acidification, which is thought to mediate biological responses to C12, such as triggering stress signalling (Horke et al., 2015) . However, (Schwarzer et al., 2015; Tao et al., 2016; Zhao et al., 2016) . C12 fails to induce MOMP in MEFs lacking PON2 expression,
showing that C12 alone is insufficient to trigger MOMP but requires expression of PON2 (Schwarzer et al., 2015) . In addition to its localization on the ER membrane and plasma membrane (Hagmann et al., 2014 ), PON2 has also been shown to reside in mitochondria (Devarajan et al., 2011) . One possibility is that PON2 cleaves C12 into a pro-apoptotic metabolite(s) that permeabilises mitochondria. A previous study reports that a C12 derivative with its lactone ring broken open exhibits little cytotoxicity when incubated with the cultured cells, suggesting that the structural integrity of C12 lactone ring is essential for C12-evoked apoptosis (Kravchenko et al., 2006) . However, it is unclear whether the carboxylic acid derivative of C12 is able to pass through the plasma membrane to enter cells as easily as C12. Another possible scenario is that C12 or a PON2-mediated derivative might also react with other molecules (e.g., phosphorylation) in cells to generate secondary metabolite(s) with stronger pro-apoptotic activities.
Alternatively, PON2 has antioxidant properties that modulate peroxidation of membrane lipids (Hagmann et al., 2014) control were acquired by infection with caspase-9 shRNA lentiviral particles or control shRNA lentiviral particles (Santa Cruz Biotechnology, Inc.) in the presence of 10 μg/ml polybrene and 5 μg/ml puromycin. The lentiviral plasmid expressing murine caspase-9 (pReceiverLv105-murine-caspase-9) and its empty vector control were purchased from GeneCopoeia (Rockville, MD). To acquire MEFs reexpressing caspase-9 or vector control, caspase-9-KO MEFs cells were infected by caspase-9 lentiviral particles or control lentiviral particles with 10 μg/ml polybrene and 5 μg/ml puromycin in the medium. All of the cell lines were grown and maintained in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum, 100 units/ml penicillin, and 100 μg/ml streptomycin. Cells were all cultured in a 5% CO 2 humidified incubator at 37°C.
| Cell death assays
The (wt/vol) non-fat dry milk (Bio-Rad) and 0.2% (vol/vol) Tween 20. Protein levels were detected using the enhanced chemiluminescent detection system (Thermo Fisher Scientific) as described previously (Zhao, Lu, & Li, 2015) .
4.6 | Measuring Δψ mito using imaging microscopy of JC1
For imaging experiments to measure mitochondrial membrane potential (Δψ mito ), cells were incubated with growth media containing the Δψ mito probe JC1 (10 μM) for 10 min at room temperature and then washed three times with Ringer's solution to remove the extra dye.
JC1-loaded cells were placed onto a chamber on the stage of a Nikon Diaphot inverted microscope. Cells were maintained at room temperature during the course of the experiments. Treatments were made by diluting stock solutions into Ringer's solution at the concentrations stated in the text. Fluorescence imaging evaluation of Δψ mito was carried out using equipment and methods that have been reported previously Zhao et al., 2016) . Briefly, a Nikon Wang et al., 2011) . Briefly, when cytochrome c is highly localized within mitochondria, it will display a punctate distribution pattern, leading to high SD of the average pixel intensity, but when cytochrome c is distributed throughout the cell, the SD will be low. Therefore, a decrease in the SD (punctate/diffuse index) is an index of cytochrome c redistribution from mitochondria to the cytosol.
| Subcellular fractionation
MEFs (4 × 10 6 ) were plated onto 15-cm tissue culture dishes for 24 hr and washed with Ringer's solution and cultured for 4 hr with either vehicle (DMSO) or 50 μM C12 in Ringer's solution. Subcellular fractionation was carried out as described previously with some modification (Wang et al., 2011) . 
| Statistical analysis
All experiments were performed at least three times. Results are presented as mean ± SD. Statistical analysis was performed using Student's two-tailed t test. A p value <.05 was considered significant. 
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